Seed accessions from 7 plant families and 28 species stored for above 20 years in the National gene bank of Bulgaria were evaluated. All seed accessions were maintained as base collection under long-term storage conditions with low moisture contents (5±2%) in hermetically closed containers at -18°C. On the basis of experimental data, the seed storage characters σ (standard deviation of seed death in storage), P 50% (the time for viability to fall to 50%) and P 10% (the time for viability reduction of 10%) were determined allowing the prediction of seed storage life and the regeneration needs. The results showed significant differences in loss of seed viability among species and within the species. After 20-24 years of storage, eleven crops showed minimal viability decline under 5% as compared to the initial viability (oats, barley, maize, bread wheat, durum wheat, smooth brome grass, faba bean, chickpea, sunflower, cucumber and pepper). For the same storage time, another group of crops (sorghum, triticale, orchard grass, tall fescue, common vetch, grass pea, lentil, common bean, rapeseed, tobacco, flax, cabbage and tomatoes) presented 5-10% reduction of seed viability. More significant changes in seed viability -above 10% -were detected for peanuts, lettuce, soybean and rye. The σ values varied from 20.41 years (Arachis hypogaea L.) to 500 years (for Avena sativa L. and Triticum aestivum L). There was wide variation across species, both in time taken for the viability to fall to 50% and in time taken for the seed viability reduction of 10%. The study illustrates the positive effect of both seed storability early monitoring and prediction of regeneration needs as a tool for limiting undesired losses.
Seed accessions from 7 plant families and 28 species stored for above 20 years in the National gene bank of Bulgaria were evaluated. All seed accessions were maintained as base collection under long-term storage conditions with low moisture contents (5±2%) in hermetically closed containers at -18°C. On the basis of experimental data, the seed storage characters σ (standard deviation of seed death in storage), P 50% (the time for viability to fall to 50%) and P 10% (the time for viability reduction of 10%) were determined allowing the prediction of seed storage life and the regeneration needs. The results showed significant differences in loss of seed viability among species and within the species. After 20-24 years of storage, eleven crops showed minimal viability decline under 5% as compared to the initial viability (oats, barley, maize, bread wheat, durum wheat, smooth brome grass, faba bean, chickpea, sunflower, cucumber and pepper). For the same storage time, another group of crops (sorghum, triticale, orchard grass, tall fescue, common vetch, grass pea, lentil, common bean, rapeseed, tobacco, flax, cabbage and tomatoes) presented 5-10% reduction of seed viability. More significant changes in seed viability -above 10% -were detected for peanuts, lettuce, soybean and rye. The σ values varied from 20.41 years (Arachis hypogaea L.) to 500 years (for Avena sativa L. and Triticum aestivum L). There was wide variation across species, both in time taken for the viability to fall to 50% and in time taken for the seed viability reduction of 10%. The study illustrates the positive effect of both seed storability early monitoring and prediction of regeneration needs as a tool for limiting undesired losses.
The ex situ conservation of plant genetic resources in seed gene banks play an important role for food security in the future. Seed gene banks maintain genetic resources of the seeds over decades or centuries. They are an efficient and cost-effective way of conserving large amounts of genetic diversity (Waldren et al. 2000) as many thousands of seed collections representing different populations or plant taxa can be housed in a small area (Walsh et al. 2003) . The initial viability of the seeds, seed moisture content and its interaction with relative humidity of the air and the storage temperature have significant influence on seed longevity (Roberts 1973) . Even in seeds stored under optimal conditions suitable for long-term storage, viability may decrease as a result of deterioration processes (Sastry et al. 2008) . Seed viability declines slowly at first, and then rapidly as seeds age (Roberts & Ellis 1982) . Accordingly, it is important to know when this decline occurs so that the accession can be regenerated by replacing the exiting seeds with ones having high-viability (Ho-Sun et al. 2013) . The Genebank Standards for Plant Genetic Resources for Food and Agriculture (2014) recommended the initial viability test be conducted as early as possible, before the seeds are packaged and enter the storage, and subsequent tests are determined at certain intervals during the storage. Viability monitoring test intervals can be set at one-third of the time predicted for viability to fall to 85 percent of initial viability or lower, depending on the species or specific accessions, but no longer than 40 years. If this deterioration pe-riod cannot be estimated, the interval is ten years for species expected to be long-lived and five years or less for species expected to be short-lived. It is recognized that viability monitoring is an expensive activity, and that gene bank curators wish to seek cost-cutting procedures.
Seed longevity is defined as seed viability after seed dry storage (storability), and therefore, describes the total seed life span (Rajjou & Debeaujon 2008) . This storability period includes both dormant and non-dormant stages. During seed storage, seeds deteriorate, lose vigour, and as a result, become more sensitive to stresses during germination, and ultimately die. The rate of this aging depends on the seed moisture content, temperature, and initial seed quality (Walters 1998; Walters et al. 2005a) . Seed longevity is a quantitative trait for which variation is present among naturally occurring accessions (ThuPhuong et al. 2012) . Understanding the differences in seed longevity in various species is therefore crucial to the effective management of seed conservation collections because it underpins the selection of viability re-test intervals, and hence regeneration or re-collection strategies (Probert et al. 2009; Groot et al. 2015) .
The National Gene bank of Bulgaria was built in 1984 and carries out a scientific program for the long-term preservation of germplasm with seeds under controlled conditions, in accordance with the standards developed by FAO (1994 FAO ( /2014 . The gene bank facilities are designed both for long-term storage and medium-term storage. There are 59,292 preserved seed accessions from 63,713 totally registered plant germplasms in the country (http://eurisco.ecpgr.org), where 72% are under long-term storage conditions (42,699 accessions).
The aim of this study was to evaluate the effect of the long-term gene bank storage from a practical point of view for the 28 plant species maintained for more than 20 years according to the recommended dry conditions and cold temperature.
MATERIALS AND METHODS

Seed material
A total of 5,876 seed accessions from 7 plant families and 28 species (Poaceae -Avena sativa L.,
) stored since 1981-1991 in the National Genebank of Bulgaria were evaluated. All seed accessions were maintained as base collections under long-term storage conditions with low moisture contents (5±2%) in hermetically closed containers (glass jars or three laminated aluminium foil packets) at -18°C.
Seed viability
Seed viability was detected on the basis of germination rate of accessions in storage. The recurring seed germination was determined at regular intervals: just before the storage, and periodically every following 10 years (i.e., 10 and 20 years, respectively). The germination tests of target plant species were carried out according to ISTA rules (ISTA 1985) . The recommendations for work in the gene banks (Ellis et al. 1985a; 1985b; Hanson 1985) were also implemented. Seeds stored at -18°C for about 10 and 20 years, respectively, were pre-conditioned before these were set to germinate: equilibration of seed containers at room temperature for 24 hours was followed by re-humidification of seeds, as described earlier (Stoyanova 2001) .
Seed moisture content
The moisture content of seed accessions, both before and after the time of storage, was determined using oven methods of ISTA (1985) for reduced working sample (about 1-3 g per accession).
Data analysis
The Probit analysis for modelling of data from seed storage experiments was used according to the models first described by Roberts (1973) . It was based on a straight line relationship between viabil-ity and storage period. The slope of this line was the value of σ and the intercept was the (theoretical) initial viability of seeds K i (Ellis & Roberts 1980) . The relationship used for calculation was:
where: v was the viability in Probit after p years in storage.
Seed longevity is described by storage constants P 50 and P 10 according to Ellis and Roberts (1980) , where P 50 is the time for viability to fall to 50% and P 10 is the time for viability reduction of 10%.
The information for seed accessions in storage was maintained as ACCESS-database. The raw data files were used for statistical analysis by analysis of variance (ANOVA) and LSD test using IBM SPSS Statistics 19.
RESULTS
Maintenance of seed germination in different crops
Cereals
In the group of cereals, 4,138 seed accessions from eight species were evaluated (Table 1) . Minimal changes of seed quality under storage were detected for four species: barley, oats, maize and wheat. Here, no significant differences were examined between seed germinations at the beginning of storage and after a significant time of storage, in both first control test (with storage time of 10-14 years) and second control test (with storage time of 20-24 years). However, it should be pointed out that as presented in a previous research, the rate of difference before and after the storage influenced the mean value of seed germination, and also had a stronger effect on the standard deviation (Stoyanova 2001) .
Another group of cereals was more significantly affected by storage: rye, sorghum and triticale. As presented, the decline of mean seed germination for rye accessions was from 94.57% to 85.51% after 12.94 years and to 83.68% after 23.48 years. The mean germination percentages of sorghum and triticale after 10-14 years of storage dropped by about 10% in comparison with the mean initial germination values. The seed germination rate of these three species after the second control test remained about 82-83%.
The rate of variation between species was illustrated by differences of standard deviations calculated for the mean values of germination after storage. But the difference was more significant in the cases with larger variations between minimum and maximum values and a considerable reduction in seed germinability.
Cereal grasses
Grass seeds included in the study belong to three plant species were Bromus inermis L., Dactylis glomerata L. and Festuca arundinacea Schreb. An inappreciable loss of viability occurred after 10-14 years of storage for Dactylis glomerata L. and Festuca arundinacea Schreb., and an unnoticeable increase in seed germination for Bromus inermis L. After 20-24 years of storage, the mean germination values of Dactylis glomerata L. and Festuca arundinacea Schreb. decreased more than 5% as compared to the initial germination percentages. Their SDs increased significantly from ±6.39 to ±12.18% and from ±5.29 to ±10.30%, respectively (Table 1) .
Legumes
Seed accessions from eight species were evaluated. Two species -Vicia faba L. and Cicer arietinum L. -preserved high mean germination values after the first and second control tests. Practically no significant difference in comparison to initial germination percentages was assessed for both species. The highest decrease of viability was recorded for Arachis hypogaea L. and Glycine max Merr. After 13.77 years of storage, the germination of peanut seeds declined from 91.96% to 69.96%, while after 22.35 years of storage, from 91.96% to 63.07%. The SDs increased from ±6.67% to ±16.56% and ±18.35%, respectively. The seed germination of soybean accessions also decreased significantly -above 10% in relation to initial value. Other legumes (Vicia sativa L., Lathyrus sativus L., Lens esculenta L. and Phaseolus vulgaris L.) showed slower reduction in mean value of germination (with 7.81%, 7.14%, 5.22% and 7.68%, respectively) after 21-24 years of storage (Table 1) .
Industrial crops
Four species were tested in this group. The average germination rate of Brassica napus seeds in the beginning of storage was 94.72%. Subsequently, at the first control test after 13.27 years, it decreased to 85.79% and retained almost the same until the second control test. The seeds of Helianthus annuus were preserved with minimal changes. A slow drop of seed germination of Nicotiana tabacum was observed after 13 years of storage but the second control test presented a more significant decrease to about 90-91%. The value of standard deviation in both test cases for tobacco seeds increased, indicating variation in a large scale between accessions. For Linum accessions, a decrease in seed germination from the beginning of storage up to first control test was observed, maintaining the value to the second test. The tested seed accessions were preserved with no significant changes for more than 20 years (Table 1) .
Vegetables
The vegetable seeds included in the study belonged to five plant species. Cucumber and pepper seeds showed no significant change in germination percentage after more than 20 years of storage. In contrast, viability of lettuce seeds decreased from 85.18% to 75.83% after 13.40 years and to 72.40% after 22.37 years of storage. The SDs increased from ±8.81% to ±11.60% and ±14.20%, respectively. The mean germination percentage of tomato seeds dropped by 7.16% after 11.30 years of storage. There was no further significant decrease in the following years in the second control test. The value of SD between both the tests was in the same range. The viability of Brassica oleracea L. after 22.64 years of storage also decreased significantly by 7.15%.
Monitoring of seed viability and longevity
Results from the assessment of Probit longevity for 28 plant species under real long-term storage condition are presented in Table 2 . The parameters estimated were K i (Probit value of initial seed viability), 1/σ (measure of seed deterioration in storage), σ (standard deviation of seed death in storage), P 50% (seed half-life or measure of time to 50% seed viability in storage) and P 10% (time in years for seed viability reduction with 10%).
The highest K i value (2.39) was recorded for Cucumis sativus L., while rate of seed deterioration Nineteen plant species had σ values under 100 years (σ < 100 years), five species between 100 and 300 years (100 < σ < 300) and only oats, barley, bread wheat and sunflower had values above 300 years (300 < σ < 1000). There was a wide variation across species in both the time taken for viability to fall to 50% and the time for seed viability reduction by 10%. P 50% ranged between 28.51 years for Arachis hypogaea L. to 880 years for Avena sativa L. ( Table  2 ). The safe storage time (P 10% ) was between 9 to 20 years for peanut, soybean and lettuce, and 318.5 and 338.5 years for bread wheat and oats, respectively.
DISCUSSION
It is very important that seeds stored in the gene bank are capable of producing plants when sown in the field. They must have high viability at the start of the storage, and maintain it during storage. Seeds with a high initial viability will also survive longer in storage. The seed initial germination percentage in the National Genebank of Bulgaria should be above 80%, which is the lowest viability standard for seed accessions to be included in the long-term storage (Stoyanova 2001) . Good seed storage conditions maintain germplasm viability, but even under excellent conditions, viability declines with storage duration (Walters et al. 2005b) . Seed ageing or seed deterioration is commonly described as the loss of seed quality or viability over time (Coolbear 1995) . Therefore, gene banks need to assess the viability periodically to detect the loss in viability during storage before it falls below the threshold for regeneration (Chin 1994) . Seed viability is determined through germination tests before seeds are packaged and placed in the gene bank storage room, and this serves as a reference point for subsequent periodic viability checks during storage (Smith et al. 2003; FAO 2014) .
In this study, the viability after 10-14 and 20-24 years of storage were assessed among 28 crop species. The results showed that there were signifi-cant differences in the loss of seed viability among species and within the species. Eleven crops (oats, barley, maize, bread wheat, durum wheat, smooth brome grass, faba bean, chickpea, sunflower, cucumber and pepper) showed relatively stable storage after 20-24 years, as indicated by the respective declines in the viability under 5%. Sorghum, triticale, orchard grass, tall fescue, common vetch, grass pea, lentil, common bean, rapeseed, tobacco, flax, cabbage and tomatoes presented 5-10% declines in viability, while peanuts, lettuce, soybean and rye showed above 10% after 20-24 years of storage (Table 1) .
From the germination results obtained after 10-14 years of storage, some species as Avena sativa L., Hordeum vulgare L., Dactylis glomerata L. and Bromus inermis L. showed slow increase in the germination percentages from initial values, and except for Dactylis glomerata L., an insignificant decrease in the rates after 20-24 years of storage. The increase in germination after storage relates to post-harvest dormancy (Ruiz et al. 1999; Stoyanova 2001; Walsh et al. 2003; Pérez-García et al. 2009) .
When comparing the initial germination percentages with results from the first control test (10-14 years of storage), other crops as rye, triticale, rapeseeds, flax, lettuce and tomatoes showed a significant decrease in the germination rate ranging between 6 and 10%. However, when comparing the results between first and second control tests, there were no significant changes.
Seeds of species as peanut and soybean are characterized as short-lived (Copeland & McDonald 2001; Stoyanova 2001; Walters et al. 2005b) . In this study, they showed the largest reductions in viability after first and second retests.
In some leguminous seeds, the second test exceeded the seed germination from the first test. The cause for this was that in the past, the hard seeds in the germination test were described as 'non-germinating'. Some changes in the viability may have also been the results of different degrees of operator error, as the staff performing the germination test changed over time.
According to Lu et al. (2004) , the genetic characteristics of species and pre-storage environments are the main factors for seed viability decline. Adverse climate at the stages of seed ripening and harvesting, as well as the damage caused by seed-extraction, drying and transportation after harvest could affect the rate of seed viability decline during storage (Sai Babu et al. 1983) .
From a practical point of view, it is important to be able to predict the appropriate frequency of control tests in the gene bank. The determination of the maximum storage period for each material in particular conditions of each seed bank is of great importance in designing management guidelines that minimize viability controls and regeneration/multiplication of the samples (Pita et al. 1998; Probert et al. 2009 ). Regeneration is a costly gene bank operation, and may also negatively affect the genetic integrity of an accession through exposure to the influence of genetic drift, selection, contamination and human error (Parzies et al. 2000; Benkova & Zakova 2008; Fu et al. 2015) . Therefore, it is important to maximize seed longevity and keep operational costs and logistics manageable through the monitoring of seed deterioration, an essential task for managing stored germplasm (Engels & Visser 2003) .
The measure of seed longevity in this study is based on the σ value (standard deviation of seed death in storage), defining the period during which the percentage viability is reduced by one Probit as described by Hong et al. (1998) . According to Ellis and Roberts (1980) , the life span of a seed-lot, the time until all the seeds have lost viability, depends on the value of σ and on the proportion of the seeds which are viable at the start of the storage, K i (in Probit). The seed longevity varies among families, species, genotypes, seed lots, and even among individual seeds inside the same bag and depends on the storage conditions (Walters et al. 2005b; Nagel et al. 2009; Probert et al. 2009; Nagel & Börner 2010; Nagel et al. 2010; van Treuren et al. 2013; Ho-Sun et al. 2013) . In our study σ value varied from 20.41 to 500 years. It was the lowest for Arachis hypogaea L. (20.41 years) and the highest for Avena sativa L. and Triticum aestivum L. (500 years). Grain legumes, except chickpea, were characterized with a short life span (σ < 100 years) (Stoyanova 2001) . The seeds of bread wheat, oats, barley and sunflower were found to have the longest storability (σ > 300 years). The predicted longevity was 111.11 years for Triticum durum Desf., Dactylis glomerata L., Cicer arietinum L. and Capsicum annuum K i -Probit value of initial seed viability; 1/σ -measure of seed deterioration in storage; σ -standard deviation of seed death in storage; P 10% -time in years for seed viability reduction with 10%; P 50% -seed half-life or measure of time to 50% seed viability in storage
Agriculture (Poľnohospodárstvo), 62, 2016 (3) : 90−100 L., and 250 years for Bromus inermis L. Generally, 68.75% of the evaluated species are characterized with a short life span after the real long-term storage in National Genebank of Bulgaria (σ < 100 years) ( Table 2) . Longevity can also be described by determining the time taken for viability to fall to 50% (P 50% ). Walters et al. (2005b) reported that large families as Asteraceae, Fabaceae, Poaceae, and Solanaceae contained species with wide-ranging P 50% values, that is the time required for germination to decrease to half the initial value. Similarly, Probert et al. (2009) reported wide variation in P 50% between families, as well as within some families, but relatively little variation in longevity among genera within those families. Differences in seed longevity between cultivars and wild types of crops have been reported for diverse taxa (Walters et al. 2005b; Ellis & Hong 2007 ). In the presented study, there was wide variation between crops in the time taken for viability to fall to 50%. The calculated value was the lowest for peanuts (28.51 years), following by lettuce (48.76 years), rye (55.85 years), rapeseeds (55.93 years) and soybean (57.27 years). The crops can be classified into groups having high longevity (300 < σ > 1000) -oats, bread wheat, barley and sunflower have the highest P 50% values, respectively 880, 847, 502.67 and 476 years. The species with similar σ values are differentiated by P 50% values. Seed aging during storage is an inevitable phenomenon, but the degree and speed of decline in seed quality depends strongly, beside storage conditions, on plant species stored and initial seed quality (Elias & Copeland 1994; Balešević-Tubić et al. 2005) , as well as on the seed genetic traits (Malenčić et al. 2003) . Milošević et al. (1996) also suggested that seed longevity is genetically determined, and that significant differences exist among cultivars of same crops in their ability to maintain quality during storage (Balešević-Tubić et al. 2010) . Seed structure and climate of origin are also known genetic factors related to seed longevity (Probert et al. 2009 ).
As mentioned before, a decrease in seed viability of 10% could induce genetic shifts in heterogeneous seed accessions (Stoyanova 1991; 1992; 1996) . The safe storage time (P 10% ) or the time for seed viability reduction of 10% was calculated using the viability equation proposed by Ellis and Roberts (1980) . According to the results presented in Table  2 , plant species described with shortest longevity (Arachis hypogaea L., Lactuca sativa L., Glycine max Merr., Brassica napus L., Secale cereale L. and X Triticosecale Wittm.) should not be monitored later than 10-20 years from the beginning of storage. The safe storage time for Sorghum vulgare L., Festuca arundinacea Schreb., Vicia sativa L., Lathyrus sativus L., Nicotiana tabacum L., Linum usitatissimum L., Brassica oleracea L. and Lens esculenta L. is prolonged to 25-35 years, while for Dactylis glomerata L., Zea mays L., Triticum durum Desf., Vicia faba L., Cicer arietinum L., Capsicum annuum L. and Cucumis sativus L. is 40-60 years or more. When safe storage is longer than 100 years, the risk of losses in time is limited (Stoyanova 2001) . The predicted storage times for Bromus inermis L., Helianthus annuus L. and Hordeum vulgare L. were above 100 years, while for plant species described with longest longevity (Avena sativa L. and Triticum aestivum L.) was above 300 years.
However, it should be pointed out that the Probit analysis for modelling was made on a storage period (-18°C) of around 20 years. This is a rather short time for such conditions, and therefore, future investigations need to be made in this area. On the other hand, Nagel et al. (2010) mentioned that viability equation can forecast a longevity tendency, but the behaviour of a specific genotype depends on more factors than moisture content, storage temperature and initial viability. Therefore, as a guarantee for prevention of changes, the predictions should be carried out on plant groups according to the conditions for compatibility in each species. Moreover, seed viability monitoring should be done individually, and should not be monitored selectively because there was a large variation of viability among accessions.
CONCLUSIONS
The results obtained from the monitoring tests indicate that the storage conditions in the National Seed Gene bank of Bulgaria are suitable for the preservation of the investigated species. Only two species (Arachis hypogaea L. and Glycine max Merr.) showed significantly decreased germination percentages when compared with the germination percentages before storage, but the damages leading to loss of accessions were not observed. However, viability differs greatly between species and within a species, as does the response to storage. Seed longevity calculated as σ values varied from 20.41 to 500 years. Generally, 68.75% of the evaluated species are characterized with short life span after real long-term storage in National Gene bank of Bulgaria (σ < 100 years). The longest storability had bread wheat, oats, barley and sunflower (σ > 300 years). The predicted time of safe storage (P 10% ) for peanuts, lettuce, rye, triticale, rapeseeds and soybean was 10-20 years. The safe storage time for sorghum, tall fescue, common vetch, grass pea, tobacco, flax, rapeseed and lentil was prolonged to 25-35 years, while for orchard grass, maize, durum wheat, faba bean, chickpea, pepper and cucumber was 40-60 years or more. The predicted storage times for smooth brome grass, sunflower and barley were above 100 years, while for plant species described with longest longevity (oats and bread wheat) was above 300 years. The presented results are a useful tool for the monitoring of gene bank storage and the prediction of regeneration needs in the National Gene bank of Bulgaria.
